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Negative-ion low-energy collisionally activated dissociation (CAD) tandem mass spectrometry
of electrospray-produced ions permits structural characterization of phosphatidylglycerol
(PG). The major ions that identify the structures arise from neutral loss of free fatty acid
substituents ([M 2 H 2 RxCO2H]
2) and neutral loss of the fatty acids as ketenes ([M 2 H 2
R9xCH 5 C 5 O]
2), followed by consecutive loss of the glycerol head group. The abundances
of the ions arising from neutral loss of the sn-2 substutient as a free fatty acid ([M 2 H 2
R2CO2H]
2) or as a ketene ([M 2 H 2 R92CH 5 C 5 O]
2) are greater than those of the product
ions from the analogous losses at sn-1. Nucleophilic attack of the anionic phosphate site on the
C-1 or the C-2 of the glycerol to which the carboxylates attached expels the sn-1 (R1CO2
2) or the
sn-2 (R2CO2
2) carboxylate anion, resulting in a greater abundance of R2COO
2 than R1COO
2.
These features permit assignments of fatty acid substituents and their position in the glycerol
backbone. The results are also consistent with our earlier findings that pathways leading to
those losses at sn-2 are sterically more favorable than those at sn-1. Fragment ions at m/z 227,
209 and 171 reflect the glycerol polar head group and identify the various PG molecules. Both
charge-remote fragmentation (CRF) and charge-drive fragmentation (CDF) processes are the
major pathways for the formation of [M 2 H 2 RxCOOH]
2 ions. The CRF process involves
participation of the hydrogen atoms on the glycerol backbone, whereas the CDF process
involves participation of the exchangeable hydrogen atoms of the glycerol head group. The
proposed fragmentation pathways are supported by CAD tandem mass spectrometry of the
analogous precursor ions arising from the H–D exchange experiment, and further confirmed
by source CAD in combination with tandem mass spectrometry. (J Am Soc Mass Spectrom
2001, 12, 1036–1043) © 2001 American Society for Mass Spectrometry
Phosphatidylglycerol (PG), the simplest of thepolyglycerophospholipids, was first isolated byBenson and Maruo from alga Scendesmus [1]. This
lipid occurs widely, but great differences exist in the
amounts present in animal, (mainly in mitochondria),
plant, (mainly in chloroplast), and bacteria membranes
[1–8]. PG is the direct precursor of diphosphatidylglyc-
erol [9]. Kennedy et al. [10] proved the presence of PG
in Escherichia coli and showed that the turnover of this
phospholipid occurred at a relatively high rate. Such
results, which have been confirmed by others, suggest a
dynamic metabolic role for PG [11]. Subsequent work in
vitro demonstrated that particulate enzyme prepara-
tions of E. coli catalyzed the synthesis of PG in a
two-step reaction in which phosphatidylglycerophos-
phate participated as an intermediate and cytidine
diphosphate (CDP) diglyceride and sn-glycerol-3-phos-
phate were the substrates [12]. A specific function of PG
has been established in the lung where this lipid is an
important component of pulmonary sulfactant repre-
senting about 10% of surfactant total lipid phosphorus
[13–15].
Tandem mass spectrometric studies of PG were
preliminarily limited to fast-atom bombardment (FAB)
[16–18], but a few recent reports have been focused on
electrospray ionization (ESI) [19, 20]. A detailed study
of PG by low energy CAD tandem mass spectrometry
with ESI has not been reported. We previously de-
scribed the characterization of phosphatidylethano-
lamine (PE), phosphatidic acid (PA) and phosphatidyl-
inositol (PI) by CAD tandem mass spectrometry with
ESI. We demonstrated that charge-remote and charge-
driven fragmentations are the two major processes
leading to ion formations. We also demonstrated that
the abundances of the fragment ions generated by the
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two processes are governed by the steric configuration
and the gas-phase basicity of the precursors [21–23].
Here we extend our studies to PG, which represents
another class of phospholipids. Results from this study
provide direct evidence of the mechanisms that we
previously proposed. Structural determination and iso-
meric differentiation of PG molecules by low energy
CAD tandem mass spectrometry are also presented.
Experimental
Mass Spectrometry
ESI/MS analyses were performed on a Finnigan TSQ-
7000 triple stage quadrupole mass spectrometer (San
Jose, CA) equipped with an electrospray ion source and
controlled by Finnigan ICIS software operated on a
DEC alpha work station. Typically, a standard com-
pound was dissolved in chloroform/methanol (1/4) at
a final concentration of 2 pmol/uL. ESI of this solution
yielded intense deprotonated molecules ([M 2 H]2) in
the negative-ion mode. Samples were infused (1 uL/
min) into the ESI source with a Harvard syringe pump.
The electrospray needle and the skimmer were at
ground potential, and the electrospray chamber and the
entrance of the glass capillary were at 4.5 kV. The
heated capillary temperature was 250 °C. The [M 2 H]2
ions were selected in the first quadrupole and collided
with Ar (2.3 mtorr) in the rf-only second quadrupole by
using a collision energy of 20–40 eV. To obtain source
CAD tandem mass spectra, the skimmer voltage was set
at 20–30 V to generate abundant fragment ions, which
were selected in the first quadrupole and collided with
Ar (2.3 mtorr) in the second quadrupole by using a
collision energy of 25–30 eV, and analyzed by the third
quadrupole. The instrument was tuned to unit mass
resolution and the mass spectra were acquired in profile
mode.
Materials
Deuterated methanol (CH3OD) was purchased from
Sigma Chemical (St. Louis, MO). All PG standards were
purchased from either Sigma Chemical or Avanti Polar
Lipids (Alasbaster, AL). Solvents and all other chemi-
cals were purchased from Fisher Chemical Co. (Pitts-
burgh, PA) and were used without further purification.
H–D exchange was achieved by dissolving the standard
16:0/18:1-PG or 18:1/16:0-PG in CH3OD. The solvent
was evaporated under a stream of nitrogen. The residue
was reconstituted in CH3OD before ESI analysis. The
exchange gave a greater than 90% conversion to d2-16:
0/18:1-PG or d2-18:1/16:0-PG.
Results and Discussion
In the negative-ion mode of ESI, PG yields abundant [M
2 H]2 ions, which fragment, when subjected to CAD, to
three major series of product ions that are formed by
neutral loss of free fatty acid ([M 2 H 2 RxCO2H]
2),
neutral loss of ketene ([M 2 H 2 R9xCH 5 C 5 O]
2),
and by formation of fatty carboxylate anions ([RxCO2
2]),
where x 5 1,2 and Rx 5 R9xCH2. Ions reflecting the
glycerol polar head group are of low abundance.
The [M 2 H 2 RxCO2H]
2 and the [M 2 H 2
R9xCH 5 C 5 O]
2 Ions
The product–ion spectrum of the [M 2 H]2 ions of
1-hexadecanoyl-2-octadec-99-enoyl-sn-glycero-3-phos-
phoglycerol (16:0/18:1-PG) at m/z 747 (Figure 1a),
shows that ions at m/z 491 and 465, reflecting neutral
loss of 16:0 and 18:1 fatty acids at sn-1 and sn-2,
respectively, are produced. The spectrum also contains
ions at m/z 509 and 483, reflecting neutral loss of the
fatty acyl substituent at sn-1 and sn-2 as a ketene,
respectively. The abundance of the m/z 465 ([M 2 H 2
R2COOH]
2) ion is greater than that of the m/z 491 ([M
2 H 2 R1COOH]
2) ion, and the abundance of the m/z
483 ([M 2 H 2 R92CH 5 C 5 O]
2) ion is also greater
than that of the m/z 509 ([M 2 H 2 R91CH 5 C 5 O]
2)
ion. This is consistent with the notion that neutral loss
of the ketene or of the fatty acid at sn-2 is sterically more
favorable than the analogous losses at sn-1 [21–23]. This
is further illustrated by the product–ion spectrum of the
[M 2 H]2 ions of 18:1/16:0-PG at m/z 747 (Figure 1b).
The spectrum shows that ions at m/z 491 and 509,
respectively arising from neutral loss of the acid and
ketene at sn-2, are more abundant than the correspond-
ing ions at m/z 465 and 483, arising from the similar
losses at sn-1. The relative abundances of the product
ions for the [M 2 H]2 ions of 16:0/18:2-PG (m/z 745,
Figure 1c), 18:0/18:1-PG (m/z 775, Figure 1d), 18:1/18:
0-PG (m/z 775, Figure 1e), and of 18:0/20:4-PG (m/z 797,
Figure 1f) are also in the order of [M 2 H 2 R2COOH]
2
. [M 2 H 2 R1COOH]
2 and [M 2 H 2 R92CH 5 C 5
O]2 . [M 2 H 2 R91CH 5 C 5 O]
2. Thus, the identity
and position of the fatty-acyl constituents of the glyc-
erol backbone can be assigned, and positional isomers
such as 16:0/18:1-PG and 18:1/16:0-PG pairs (panels a
and b), and 18:0/18:1-PG and 18:1/18:0-PG pairs (pan-
els d and e) can be easily distinguished.
As also shown in Figure 1a, the [M 2 H 2 R2CH 5
C 5 O]2 ion for 16:0/18:1-PG at m/z 483, reflecting loss
of the fatty acyl as a ketene at sn-2, is more abundant
than the [M 2 H 2 R2COOH]
2 ion at m/z 465, reflecting
loss of the acid at sn-2. In contrast, the [M 2 H 2 R1CH
5 C 5 O]2 ion at m/z 509, representing the ketene loss
at sn-1, is less abundant than the [M 2 H 2 R1COOH]
2
ion at m/z 491, representing loss of the fatty acid at sn-1.
Similar results were observed for all other PG examined
(panels b–f). These results are different from those
reported for PE, in which ions representing ketene loss
at sn-1 or sn-2 are more prominent than ions arising
from the corresponding fatty acid loss at sn-1 or sn-2,
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respectively (i.e., [M 2 H 2 R2CH 5 C 5 O]
2 . [M 2
H 2 R2COOH]
2; [M 2 H 2 R1CH 5 C 5 O]
2 . ([M 2
H 2 R1COOH]
2) [21]. The results are also different
from those reported for PA and PI, in which the relative
abundance [M 2 H 2 R2CH 5 C 5 O]
2 , [M 2 H 2
R2COOH]
2 and [M 2 H 2 R1CH 5 C 5 O]
2 , ([M 2
H 2 R1COOH]
2) were observed [22, 23]. Therefore, PG
may undergo different fragmentation pathways from
those for PE, PA, and PI under low energy CAD
conditions (see below).
The m/z 435 (M 2 H 2 R1CH 5 C 5 O–C3H6O2), 417
(M 2 H 2 R1COOH–C3H6O2), 409 (M 2 H 2 R2CH 5
C 5 O–C3H6O2), and 391 (M 2 H 2 R2COOH–C3H6O2)
ions arise from further loss of C3H6O2 (74 Da), probably
as an oxirane (or an oxetane) from m/z 509, 491, 483, or
465, respectively, (Schemes 1 and 2). However, these
ions may arise from the m/z 673 ion (747–74), which is
formed by an initial loss of the glycerol head group as
an oxirane (C3H6O2, 74 Da) from the [M 2 H]
2 ions of
16:0/18:1-PG. The m/z 673 ion is an acidic anion, which
is identical to the [M 2 H]2 ions of 16:0/18:1-PA
obtained by ESI, and undergoes loss of the fatty acid
substituents as free acids more readily than as ketenes
by the same pathway as described for PA [22]. This
process results in formation of m/z 417 ([M 2 H 2
R1COOH–C3H6O2]
2) . m/z 435 ([M 2 H 2 R1CH 5 C
5 O–C3H6O2]
2) and of m/z 391 ([M 2 H 2 R2COOH–
C3H6O2]
2) . m/z 409 ([M 2 H 2 R2CH 5 C 5
O–C3H6O2]
2). This is supported by the product ion
mass spectrum of the m/z 673 ion, which arises from
skimmer CAD of 16:0/18:1-PG at m/z 747. The product
ion spectrum (Figure 3a) is identical to that of the [M 2
H]2 ions of 16:0/18:1-PA at m/z 673 [22]. In contrast, the
[M 2 H]2 ions of PG are less acidic than the counterpart
ions of PA and undergo preferential loss of the fatty
acyl substituents as ketenes. These differential losses
result in the ion abundance [M 2 H 2 R2CH 5 C 5 O]
2
. [M 2 H 2 R2COOH]
2 and [M 2 H 2 R1CH 5 C 5
O]2 $ [M 2 H 2 R1COOH]
2. The formation of [M 2 H
2 R1COOH]
2 and [M 2 H 2 R2COOH]
2 ions involves
both charge-remote and charge-driven processes [24–
27], as is described later.
In addition to the aforementioned ions, ions that
identify PG are also observed at m/z 227 ([M 2 H 2
R1CH 5 C 5 O 2 R2COOH]
2 1 [M 2 H 2 R2CH 5 C
5 O 2 R1COOH]
2), arising from the combined losses of
ketene at sn-1 and acid at sn-2 (or loss of ketene at sn-2
plus loss of acid at sn-1), at m/z 209 ([M 2 H 2 R1COOH
2 R2COOH]
2), formed by the combined losses of the
acids at sn-1 and sn-2, and at m/z 171
([C3H7O2OPO3H]
2), which is likely to be a glycerol
phosphate anion (Scheme 1).
Figure 1. The CAD product–ion spectra of [M 2 H]2 ions of (a) 16:0/18:1-PG (m/z 747), (b)
18:1/16:0-PG (m/z 747), (c) 16:0/18:2-PG (m/z 745), (d) 18:0/18:1-PG (m/z 775), (e) 18:1/18:0-PG (m/z
775) and (f) 18:0/20:4-PG (m/z 797).
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The Fragmentation Pathways Revealed by CAD
Tandem Mass Spectra of PG after
Hydrogen–Deuterium Exchange
After H–D exchange, the 16:0/18:1-PG yields a [M 2
H]2 ion at m/z 749 by ESI, indicating that the two
exchangeable hydrogen atoms on the glycerol head
group have been replaced by deuterium atoms to
become a d2-16:0/18:1-PG. When subjected to CAD, the
[M 2 H]2 ions at m/z 749 (Figure 2, panels a–c) yield
fragment ions at m/z 493/492, formed by loss of
C15H31COOH/C15H31COOD (loss of the sn-1 fatty acid
substituent), and ions at m/z 467/466, formed by loss of
C17H33COOH/C17H33COOD (loss of sn-2 fatty acid
substituent). These results indicate that both a non-
exchangeable hydrogen probably from glycerol back-
bone, and an exchangeable hydrogen from the glycerol
head group, have participated in the elimination of
RxCOOH/RxCOOD. At collision energies of 30 eV (lab-
oratory frame), the [M 2 H 2 R2COOH]
2 ion at m/z 467
is slightly more abundant than the [M 2 H 2
R1COOH]
2 ion at m/z 493, but the [M 2 H 2
R2COOD]
2 ion at m/z 466 is three times more abundant
than the [M 2 H 2 R1COOD]
2 ion at m/z 492 (Figure
2b). This is further illustrated by the product–ion spec-
trum of d2-18:1/16:0-PG isomer (Figure 2e), in which
the abundance of the m/z 493 ion ([M 2 H 2
R2COOH]
2) is slightly greater than the m/z 467 ion ([M
2 H 2 R1COOH]
2), but the abundance of the m/z 492
ion ([M 2 H 2 R2COOD]
2) is far greater than the m/z
Scheme 1. The proposed pathway for formation of the [M 2 H 2 R2COOH]
2 (a) and [M 2 H 2
R2CH5C5O]
2 ions (b) via CRF processes and the pathways for the consecutive fragmentations.
Scheme 2. The proposed pathway for formation of the [M 2 H 2 R2COOH]
2 ions via CDF process
and the pathways for consecutive fragmentations.
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466 ion ([M 2 H 2 R1COOD]
2). As observed for
d2-16:0/18:1-PG (Figure 2, panels a–c), the abundances
of the [M 2 H 2 R2COOD]
2 ions at m/z 466 and the [M
2 H 2 R1COOD]
2 ions at m/z 492 decrease, and the
abundances of the [M 2 H 2 R2COOH]
2 ions at m/z 467
and the [M 2 H 2 R1COOH]
2 ions at m/z 493 increase
slightly when the collision energy increases. A similar
result was observed for d2-18:1/16:0-PG (Figure 2, pan-
els d–f).
At the same collision energy (30 eV), the summed ion
abundance of the m/z 492 and 493 ions arising from
d2-16:0/18:1-PG (Figure 2b) is nearly equal to the abun-
dance of the m/z 491 ion ([M 2 H 2 R1COOH]
2) arising
from 16:0/18:1-PG (Figure 1a). The summed ion abun-
dance of the m/z 466 and 467 ions (Figure 2b) is also
nearly equal to that of the m/z 465 ion ([M 2 H 2
R2COOH]
2) (Figure 1a). A similar result was obtained
from d2-18:1/16:0-PG and 18:1/16:0-PG (Figures 2e and
1b). These results from labeling indicate that two sepa-
rate fragmentation pathways lead to the formation of
ions at m/z 491 ([M 2 H 2 R1COOH]
2) and at m/z 465
([M 2 H 2 R2COOH]
2) for 16:0/18:1-PG. The loss of
RxCOOH involving the participation of an exchange-
able hydrogen is a CDF process, whereas the same loss
which involves the participation of a non-exchangeable
hydrogen is a CRF process. When CRF becomes a
predominant pathway as the collision energy rises, the
CDF pathway declines. The [M 2 H 2 R2COOH]
2 ion
at m/z 467 is only slightly more abundant than the [M 2
H 2 R1COOH]
2 ion at m/z 493 for d2-16:0/18:1-PG
acquired at various collision energies (panels a–c). This
is attributable to the fact that the hydrogen participating
in R2COOH loss via CRF processes involves the two
hydrogens attached to C-1 of the glycerol backbone,
whereas the elimination of R1COOH acid can involve
the hydrogen at C-2, the methine hydrogen [21]. The
[M 2 H 2 R2COOH]
2 ion at m/z 467 is less abundant
than the [M 2 H 2 R2CH 5 C 5 O]
2 ion at m/z 485 ion,
and the [M 2 H 2 R1COOH]
2 ion at m/z 493 is also
slightly less abundant than the [M 2 H 2 R1CH 5 C 5
O]2 ion at m/z 511. This is consistent with the idea that
[M 2 H]2 ions arising from phosphatidylglycerols are
basic anions, which undergo a preferential ketene over
an acid loss. This process occurs with nucleophilic
attack of the same anionic charge site on C-1 or C-2 of
the glycerol backbone to expel an R1COO
2 or an
R2COO
2 ion. This fragmentation pathway leads to the
preferential formation of R2COO
2 anions, which is seen
in the greater abundance of m/z 281 ion (R2COO
2) than
of the m/z 255 ion (R1COO
2), similar to that observed
Figure 2. The CAD product–ion spectra of d2-16:0/18:1-PG (panels a, b, and c) and d2-18:1/16:0-PG
(panels d, e, and f) obtained at 25 eV (a and d), 30 eV (b and e) and 35 eV (c and f). The deuterated
phosphatidylglycerols were obtained by H–D exchange.
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for PE. These features of the product–ion mass spectra
of PG readily provide information of the identity and
the regiospecificity of the fatty acid substituents of the
molecules.
Hence, the greater abundance of the m/z 483 ion than
of the m/z 465 ion, but the lesser abundance of the m/z
509 ion than of the m/z 491 ion observed in the product–
ion spectrum of 16:0/18:1-PG (m/z 747, Figure 1a), is
attributed to the fact that both the m/z 465 and m/z 491
ions can arise from CRF and CDF processes. The CDF
process achieves an acid loss with the participation of
the exchangeable hydrogen atoms on the glycerol head
group and results in the [M 2 H 2 RxCOOD] ions. This
mechanism has been previously reported for PI [23].
The abundance of the m/z 466 ion ([M 2 H 2
R2COOD]), which is greater than that of the m/z 492 ion
([M 2 H 2 R1COOD]) in the same spectrum, also
confirms that the acid loss via CDF is sterically more
favorable at sn-2 than that at sn-1. The abundance of the
[M 2 H 2 R2COOD]
2 ions at m/z 466 decreases more
dramatically than that of the [M 2 H 2 R1COOD]
2 ions
at m/z 492 as the collision energy increases (Figure 2,
panels a–c). A more drastic decline of the [M 2 H 2
R2COOD]
2 ions at m/z 492 than the [M 2 H 2
R1COOD]
2 ions at m/z 466 is also observed for d2-18:
1/16:0-PG as the collision energy increases (Figure 2,
panels d–f). This provides more evidence that the loss of
RxCOOD is a CDF, which is a low-energy process
having a critical steric requirement, whereas the loss of
RxCOOH is a CRF, which is a high-energy process. At
low collision energy, CDF is a predominant pathway
that results in the loss of R2COOD, but a minor pathway
exists for R1COOD loss, because the latter loss is steri-
cally less preferable. When the collision energy in-
creases, CRF leading to the R2COOH loss increases at
the cost of CDF, resulting in a drastic decline of the
abundance of the [M 2 H 2 R2COOD]
2 ions. However,
further decomposition of the [M 2 H 2 RxCOOD]
2 ions
under the increasing collision energy may also be
responsible for the decrease. Although the decline of the
abundances of [M 2 H 2 RxCOOD]
2 ions at m/z 466
and at m/z 492 is obvious as the collision energy
increases, the abundances of the [M 2 H 2 RxCOOH]
ions at m/z 467 and 493 arising from CRF rarely in-
crease. This is consistent with the fact that CRF is a
high-energy process in which an increment of 10 eV
(from 25 to 35 eV) in collision energy may not influence
the rise of ion abundance. As the collision energy
increases, the abundances of the m/z 511 and the 485
ions observed for d2-16:0/18:1-PG (Figure 2, panels a–c)
and for d2-18:1/16:0-PG (Figure 2, panels d–f), as well
as those of the m/z 509 and 483 ions observed for
16:0/18:1-PG (not shown), arising from neutral loss of
the 16:0- and the 18:1-fatty acyl substituents as
ketenes, also rarely change. This is likely attributed to
the fact that loss of ketene for PG may also be a CRF
process.
The Fragmentation Pathways as Elucidated by
Source CAD Tandem Mass Spectrometry
The notion that the [M 2 H 2 RxCOOH]
2 ions observed
for PG arise from two separate fragmentation pathways
is further supported by the product–ion of the m/z 466
(Figure 3b) and m/z 467 (Figure 3c) ions generated from
the source CAD of d2-16:0/18:1-PG. At the same colli-
sion energy the product ion spectra of the m/z 466
(Figure 3b) and m/z 467 (Figure 3c) ions are easily
distinguished, indicating that the two ions are isomeric
precursors. The CAD tandem mass spectrometry (CAD-
MS2) spectrum of the m/z 492 ([M 2 H 2 R2COOD]
2)
ion is also distinguishable from that obtained for the m/z
493 ([M 2 H 2 R2COOH]
2) ion (data not shown). In
addition, the summed average spectrum of Figures 3b
and c is nearly identical to the CAD-MS2 of m/z 465
(Figure 3d), arising from 16:0/18:1-PG. This result again
confirms the idea that both CDF and CRF processes are
involved in ion formation simultaneously.
As described earlier, the formation of the [M 2 H 2
R2COOD]
2 ions at m/z 466 and the [M 2 H 2
R1COOD]
2 ions at m/z 492 (Figure 2, panels a–c) is a
CDF process by which the [M 2 H 2 RxCOOD]
2 ions
are formed by the same process as the [M 2 H 2
RxCOOH]
2 ions of m/z 391 ([M 2 H 2 R2COOH]
2) and
m/z 417 ([M 2 H 2 R1COOH]
2) for 16:0/18:1-PA [22].
This is illustrated by the product–ion spectrum of the
m/z 391 ion ([M 2 H 2 C3H5DO2 2 R2COOD]
2) (Figure
3e) arising from the combined losses of the glycerol
head group (C3H5DO2) and the fatty acid at sn-2
(R2COOD) induced by source CAD of the [M 2 H]
2
ions of d2-16:0/18:1-PG. The spectrum is identical to
that of the m/z 391 ([M 2 H 2 R2COOH]
2) ion arising
from 16:0/18:1-PA [22], and is dominated by the m/z 255
ion arising from neutral loss of 136 (Scheme 2). The
spectrum is similar to the product–ion spectrum of m/z
466 (Figure 3b), which is dominated by the ion of m/z
255, but different from that of the m/z 467 ion (Figure
3c), which is dominated by ions at m/z 173 and 154. The
product–ion spectrum of the [M 2 H 2 C3H5DO2 2
R1COOD]
2 ions at m/z 417 is also nearly identical to that
arising from m/z 492 but different from that arising from
m/z 493 (data not shown). In contrast, formation of the
[M 2 H 2 R2COOH]
2 ions at m/z 467 and [M 2 H 2
R1COOH]
2 ions at m/z 493 is a CRF process, which is
typical of PE. The evidence comes from further frag-
mentation of the [M 2 H 2 R2COOH]
2 ions at m/z 467
(Figure 3c), which produces ions analogous to those
obtained from the [M 2 H 2 R2COOH]
2 ions at m/z
434, arising from 16:0/18:1-PE by source CAD [21], but
different from those arising from m/z 391 (panel e). It is
interesting to note that both the ions at m/z 256, most
likely representing a C15H30DCOO
2 (deuterated 16:0)
carboxylate anion, and the m/z 255 ion, a C15H31COO
2
anion, are abundant in the product–ion spectrum of the
m/z 467 ion formed by source CAD (Figure 3c). In
contrast, the m/z 256 ion is not observed in the product
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ion spectra of d2-16:0/18:1-PG and d2-18:1/16:0-PG
(Figure 2). The formation of the m/z 256 ion may involve
further H–D exchange of the a-hydrogen of the fatty
acid with the exchangeable glycerol deuterium. Addi-
tional experiments are required to prove the H–D
exchange.
Conclusion
Product–ion spectra of phosphatidylglycerols and of
their H–D exchanged analogs in combination with
source CAD tandem mass spectrometry provide direct
evidence that CDF and CRF are the two mechanisms
that lead to the fragmentations of the [M 2 H]2 ions of
PG under low-energy CAD. The preferential formation
of RxCO2
2, [M 2 H 2 RxCO2H]
2, and [M 2 H 2 R9xCH
5 C 5 O]2 ions (where x 5 1, 2) is attributable to the
steric configuration and the gas-phase basicity of PG
molecules. The differences permit the structural identi-
fication and isomeric differentiation for PG by tandem
mass spectrometry. The results are consistent with
those fragmentation pathways that were described for
PA, PE, and PI [21–23].
Figure 3. The source CAD tandem mass spectra of (a) m/z 673, (b) m/z 466, (c) m/z 467, (d) m/z 465,
and (e) m/z 391 ions. The m/z 673 and 465 ions were generated by skimmer CAD of the [M 2 H]2 ions
of 16:0/18:1-PG at m/z 747. The m/z 466, 467 and 391 precursors were generated by skimmer CAD of
the [M 2 H]2 ions of d2-16:0/18:1-PG at m/z 749.
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